The frequency of prophage carriage was tested in a collection of 108 clinical isolates of Streptococcus pneumoniae. A PCR-based assay was developed to allow classification of the prophage into the three groups recently identified according to genome comparisons (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). Use of the assay showed that more than half of the isolates studied were lysogenic with prophage belonging to group 1 being the most abundant (56%), followed by those belonging to group 2 (26%) and those belonging to group 3 (11%). Four polylysogenic strains harboring a group 1 and a group 2 prophage were identified. Interestingly, lysogenic strains were found in 8 out of the 12 internationally distributed, relevant clones of S. pneumoniae contained in our strain collection. The high percentage of clinical pneumococcal isolates harboring prophage strongly suggests an important contribution to the diversification of the genome architecture in this species as well as a role for bacteriophage in the virulence/and or fitness of S. pneumoniae, although further studies using a significant number of isolates belonging to the most relevant pneumococcal clones are needed.
Streptococcus pneumoniae is a gram-positive human pathogen and is the leading cause of pneumonia, meningitis, and bloodstream infections in the elderly and of middle ear infections in young children. The abundance of temperate bacteriophage in Streptococcus pneumoniae clinical isolates has been reported in different studies in the past (3, 24) . The most recent work suggested that prophage is present in 76% of the clinical strains (24) . Until recently, the complete nucleotide sequence of only three pneumococcal phage had been published (18, 19, 23) . Prophages have been intensively studied in several pathogenic streptococci (7) . In S. pneumoniae, the presence of highly similar prophages in several clinical isolates of different capsular serotypes has been reported, although no role has been assigned to their presence (11) .
In the last few years, the relatively low cost and the development of new sequencing technologies have provided the sequences of numerous S. pneumoniae genomes that contain temperate bacteriophage (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). As a result of the genetic analysis of the genome of S. pneumoniae temperate bacteriophage, we have designed specific primers to test for the presence of prophage. In our report, a collection of 108 S. pneumoniae isolates was assembled as a representative population of the genetic heterogeneity of invasive pneumococci as well as of those that are carried asymptomatically in the human nasopharynx. Our aim was to study the presence of temperate bacteriophage and their distribution in a collection of S. pneumoniae clinical isolates covering the most common serogroups/ serotypes and sequence types (STs). The specificity of the primers allowed us to detect the presence in individual strains of those bacteriophage identified in our previous report (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). Our results showed that bacteriophage is distributed in almost all serotypes studied. Interestingly, we found that strains appearing to be identical under high-resolution typing methods were sometimes shown to carry different phage contents. an overnight culture was used to provide cell pellets; cells were lysed using a lysis buffer containing 20 mM Tris-HCl (pH 8), 2 mM EDTA, 20 mg/ml lysozyme, and 1.2% Triton X-100; and DNA was eluted in a final volume of 150 l. The concentration and purity of the DNA were measured using the NanoDrop spectrophotometer ND-1000. As a reference gene and to check the purity of the DNA, a 347-bp fragment of the pneumococcal pneumolysin gene (ply) was amplified using the primers ply-F (5Ј-GAATTCCCTGTCTTTTCAAAGTC-3Ј) and ply-R (5Ј-ATTTCTGTAACAGCTACCAACGA-3Ј). Three pairs of primers and one PCR amplification program were used to detect and identify prophage in S. pneumoniae isolates ( (29) . Induction of lysogenic bacteriophage by mitomycin C, phage preparation, and electron microscopy. S. pneumoniae isolates were grown at 37°C until the culture reached an optical density at 600 nm (OD 600 ) of 0.1 to 0.25. Mitomycin C was then added to a final concentration of 100 ng/ml to induce the release of temperate bacteriophage. Two hundred microliters of each culture with or without mitomycin C was added to the wells of a 96-well plate in triplicate. Incubation was continued, and growth was monitored by the OD 600 in a plate reader (Fluostar Optima; BMG Labtech, Germany).
Preparation of phage particles and examination with the electron microscope were performed as described elsewhere (P. Romero, N. Croucher, N. L. Hiller, 
RESULTS
PCR detection of temperate bacteriophage in Streptococcus pneumoniae. The genetic analysis of 11 temperate pneumophage has allowed us to design specific primers to detect and identify the presence of phage in S. pneumoniae. Sequence comparisons classified temperate pneumophage into three main groups (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). Different regions of the sequenced prophage were compared to look for conserved sequences in the pneumococcal groups previously identified. For pneumococcal phage belonging to group 1, the sequences of the genes encoding integrase were used as a template. For the phage clustered in group 2, the sequences of the integrase gene and the tape measure protein gene were employed, whereas, for those pneumococcal phage belonging to group 3, the sequences of the gene orf2 located immediately upstream of the integrase and the major tail protein gene were used. Based on these regions, pairs of primers for each phage group were designed ( Table 2 ). The holin (hol1) gene was also used to design primers capable of amplifying a phage belonging to any of the three groups. As positive controls, we used DNA prepared from the following lysogenic pneumococcal strains: (i) OXC141, CGSSp3BS71, CGSSp11BS70, and CGSSp14BS69 (harboring group 1 prophage); (ii) CGSSp6BS73, CGSSp9BS68, CGSSp19BS75, and CGSSp23BS72 (harboring group 2 prophage); and (iii) CGSSp18BS74 that contains a type 3 prophage (phiSpn_18) (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). We also used the nonlysogenic strains G54 (9), TIGR4 (32) , and D39 (14) as negative controls (Table 1) .
The presence of bands in PCR 1 indicates the presence of a group 1 prophage; bands in PCRs 3 and 4 correspond to a group 2 prophage; and finally, bands in PCRs 5 and 6 match with the existence of a group 3 prophage (Fig. 1) . PCR amplifications showed that 53% of the strains studied (57 of 108) contained at least one prophage ( Table 1 ). The most common prophage corresponded to group 1 (56% of PCR-positive strains [32 of 57 lysogenic strains]), whereas group 2 and group 3 prophages represented 26% (15 of 57 strains) and Ͻ11% (6 of 57 strains), respectively (Table 1) . Interestingly, polylysogenic strains have been identified in our collection, as the presence of two prophage, belonging to group 1 and 2, was identified in four isolates, which represents 7% of the lysogenic strains studied. Although no detectable PCR-amplified products could be recovered from strain H051740086, the finding that this strain lysed upon the addition of mitomycin C (Table  1) suggested the presence of a novel prophage not belonging to any of the three groups previously described.
Mitomycin C induction of temperate bacteriophage harbored by S. pneumoniae and electron microscopy of phage particles. All the isolates included in our collection of strains were tested for lysis after the addition of mitomycin C. Forty percent of the strains studied (43 of 108 isolates) showed a significant reduction (of Ͼ50%) in OD 600 values after the addition of mitomycin C, indicating the liberation of a bacteriophage (Table 1) . Not all of the strains that harbor a temperate bacteriophage according to PCR results lysed after the addition of mitomycin C. A total of 15 strains (26% of the lysogenic strains) did not lyse after the addition of mitomycin C, although the presence of prophage in their genomes was detected by PCR. The prophage that did not induce the lytic cycle corresponded to three group 1 phage, seven group 2 phage, four group 3 phage, and the two prophage residing in the polylysogenic strain 00-1956 (Table 1) . A group of 13 lysogenic strains belonging to 10 different serotypes was grown to the early exponential phase, and phage replication was induced using mitomycin C. Highspeed pellets prepared from lysates obtained from the pneumococcal strains CGSSp3BS71, CGSSp6BS73, CGSSp9BS68, CGSSp11BS70, CGSSp14BS69, CGSSp18BS74, CGSSp19BS75, CGSSp23BS72, OXC141, 00-3946, 03-1980, 05-1109, and 06-1138 were resuspended and observed with the electron microscope after negative staining. Siphoviridae-like particles as well as tail or head components were identified (Fig. 2) . Only heads could be observed in lysates of strain CGSSp9BS68, whereas no phage-like particles could be observed in CGSSp23BS72 (data not shown). The sizes of the heads observed were approximately 50 nm by 50 nm, while the length of the tails varied between 150 and 200 nm, depending on the phage. Phage particles with different morphologies were identified in lysates prepared from strain 00-3946 ( Fig. 2A to C) , although the possibility that they correspond to abnormally assembled particles of a single phage cannot be completely ruled out.
Prophage distribution in S. pneumoniae isolates. The 108 isolates contained in our collection were of many different serogroups/serotypes (plus two nontypeable isolates) and showed at least 56 different STs (Table 1) . Moreover, our collection of strains contained isolates generally considered to be of "invasive serotypes" (1, 4, or 14) as well as those of serotypes showing carriage prevalence (3, 6, 19, or 23) (5). Pneumococcal strains of serogroups/serotypes more "prone to carriage" appear to harbor prophage very frequently; thus, 12 out of 15 serotype 3, five out of six serogroup 6, and all four serogroup 23 pneumococcal strains were lysogenic (Table 1) . In contrast, only 5 of the 13 serogroup 19 isolates studied here appear to carry any temperate prophage. Besides, lysogeny was also frequent among S. pneumoniae isolates belonging to "invasive serotypes" 4 and 14; i.e., five out of eight serotype 4 strains and 8 out of 12 serotype 14 isolates harbor prophage. However, serotype 1 isolates only seldom bear temperate phage (2 out of 10 isolates) ( Table 1 ). The invasive potential of some serotypes, however, is a matter of much debate, and it has been recently concluded that the amount and type of pneumococcal capsule affect bacterial virulence in humans in combination with other properties that may differ among different clonal lineages or even within single clones (12) .
We also studied whether there is any statistically significant difference between the origin of the isolates and the presence of prophages. Most strains (60%) were obtained from blood, whereas only 10% were isolated from nasopharyngeal swabs. Samples from other origins were much less frequent in our collection (Table 3 ). Pearson's chi-square test was used to calculate the probability that the distribution of lysogenic strains in blood isolates was consistent with the null hypothesis that temperate phage was independently distributed among strains of any origin. As a P value of Ͻ0.05 was obtained, it could be concluded that lysogeny was more frequent among pneumococci isolated from blood than among those from other origins. It should be noted, however, that all the strains isolated from cerebral spinal fluid (six isolates) were lysogenic, although their ST and year of isolation did not indicate any clear relationship among them. In view of the clinical relevance a S. pneumoniae isolates were considered lysogens when PCR amplification of phage genes was observed (see Table 1 ). CSF, cerebral spinal fluid.
b Calculated considering the total number of isolates studied here (n ϭ 108) to be 100%.
c Calculated considering the total number of isolates of the same origin to be 100%.
of pneumococcal meningitis (4), our observation appears to be interesting enough to deserve further investigations involving a higher number of strains.
To determine whether there is any correlation between lysogeny and genotype of the isolates, we used the MLST data. The relatedness between each ST was shown as a dendrogram (1) . Figure 3 illustrates that temperate phage appears to be randomly distributed among S. pneumoniae clones. Although a sufficient number of isolates of the same ST was tested only in a few occasions, some conclusions can be drawn. (i) The acquisition of temperate phage by serotype 1 pneumococci appears to be a "recent" (in evolutionary terms) event because only half of the isolates of ST306 (but none of the six isolates of ST227) harbor a prophage. (ii) A similar interpretation can be applied to ST199 isolates because only three (out of seven) serogroup 19 isolates (Netherlands 15B -37-19A) and none of those belonging to the original Netherlands 15B -37 clone carried any prophage. (iii) The serogroup 23 isolates used here belong to three different (but related) STs, and all of them are lysogenized. (iv) The pneumococci belonging to the clone Netherlands 14 -35 (ST124) are lysogenic, whereas temperate phage was detected only in some of the members of the England 14 -9 clone (ST9). (v) At least 8 out of the 43 internationally distributed, relevant clones (http://www.sph.emory.edu /PMEN/index.html) harbor prophage. The exceptions (our collection includes only 12 global clones) were members of the clones Denmark 12F -24 (ST218) (three isolates), Sweden 15A -25-19F (ST63) (one isolate), Sweden 4 -38 (represented by the TIGR4 strain; ST205), and Netherlands 7F -39 (ST191) (one isolate) (Fig. 3) .
DISCUSSION
Prophage carriage in S. pneumoniae has been studied in different ways. Early studies carried out by Bernheimer showed that 7 out of the 12 strains freshly isolated from patients lysed with mitomycin C, although only 4 were able to produce plaques (3). In a subsequent report, 42% of the 139 strains studied were lysogenic (2) . A more recent survey on prophage carriage was performed based on hybridization of pneumococcal DNA with the lytA gene encoding the major S. pneumoniae autolysin, an N-acetylmuramoyl-L-alanine amidase (24) . A collection of 791 strains was studied, showing that 76% of the clinical isolates tested carry multiple copies of lytA homologues, including the lytA-hybridizing band. The authors suggested that the lytA-hybridizing DNA fragments, in addition to the host lytA gene, represent the gene encoding the prophage endolysin (24) . The method used by Bernheimer may underestimate the presence of temperate bacteriophage, due to incompatibilities between the phage and the indicator strain. On (28) but not to others (15, 30) . In this study, we have used two different (but complementary) methods to detect prophage carriage in clinical isolates of S. pneumoniae-a PCR-based assay and a mitomycin C induction assay. The PCR assay detects the presence of pneumococcal phage genes and identifies the group to which the phage belongs. This is the first PCR-based system for the detection of pneumococcal phage, and our results have shown that half of the strains studied contained a prophage. This method cannot, however, ascertain whether the phage is viable and/or able to integrate into other strains. The PCR primers were designed to amplify gene fragments located far apart in the prophage, making likely the presence of a whole prophage, not a mere phage remnant. The mitomycin C assay, however, revealed that only 40% of the strains contained an inducible prophage under the conditions used here. Despite the response to mitomycin C, our experiments indicate that more than half of the population of S. pneumoniae clinical isolates studied in our collection contained a putatively complete prophage.
Phage belonging to group 1 is the most abundant in our collection of isolates, being present in pneumococci of 18 different STs, whereas group 2 phage was detected in clinical isolates of 10 different STs. Only a small number of our strains belonging to three different STs harbor a group 3 bacteriophage (6 of 57 strains). Group 3 bacteriophage was originally identified in strains of serotype 6, 19A, 23F, or 24 (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). In our strain collection, group 3 phage has been identified in strains of serogroup/serotype 3, 4, or 6. MM1, a wellcharacterized pneumococcal temperate bacteriophage (11, (19) (20) (21) , and its relatives MM1-1998 (16) and MM1-2008 (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication) belong to group 3. PCR experiments revealed that at least four isolates were polylysogenic. Strains with serotypes 1 (ST306), 3 (ST180), 13 (ST574), and 14 (strain 00-2859; ST not known) harbored simultaneously a group 1 bacteriophage and a group 2 bacteriophage (Table 1 ). The presence of two prophage (each inserted into a different attachment site) in the genome of two different S. pneumoniae strains has been reported only in the accompanying paper (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). Nevertheless, the possible existence of pneumococcal mosaic prophages containing chimeric genes capable of hybridizing with oligonucleotide primers specific for type 1 and 2 integrase genes cannot be completely ruled out. Besides, although the comparison of the genomes of 11 bacteriophage has allowed the design of the primers used to identify and classify prophage, the presence of different phage particles in strain 00-3946 (Fig. 2) , as well as the induction of premature lysis in strain H051740086 without any phage-specific PCR amplification (Table 1) , suggests the existence, in S. pneumoniae, of additional prophage families that remain to be studied.
Genetic differences due to variations in prophage content have been identified in strains showing the same serotype and the same ST (Fig. 3) . Although isolates of the same ST are assumed to be clonal and to have descended from a recent common ancestor, it is well known that strains of the same ST can synthesize different capsular polysaccharides as a consequence of large recombinational replacements at the capsular biosynthetic locus (8) . Recently, comparative genome hybridization microarray analysis has revealed that strains showing the same serotype and ST contained several regions of diversity that may be responsible for the differences observed in animal models of infection (31) . Interestingly, two out of four ST306 isolates (clone Sweden 1 -28) were lysogenic, while the six ST227 isolates of the same serotype appear to lack any phage (Table 1) . Moreover, in addition to the Sweden 1 -28 clone, a recent report (25) has revealed that the clones that were most frequently found in 682 invasive samples from adult patients between years 1997 and 2004 in a Spanish hospital were Spain 9V -3, and Netherlands 3 -31. Interestingly, the vast majority of the members of these clones that we have studied here are lysogenic.
Prophage may contribute to the diversification of the bacterial genome architecture. In many cases, they actually represent a large fraction of the strain-specific DNA sequences. In addition, they can serve as anchoring points for genome inversions (6) . Many of the genes identified in the genome of pneumococcal temperate bacteriophage have been annotated as encoding hypothetical proteins with little or no functional data (P. Romero, N. Croucher, N. L. Hiller, F. Z. Hu, G. D. Ehrlich, S. D. Bentley, E. García, and T. J. Mitchell, submitted for publication). Furthermore, most of the annotated genes lack functional confirmation. However, our results fully confirm the high frequency of prophage carriage in most clinical pneumococcal isolates. It has been reported that adherence to inert surfaces and specifically to pharyngeal cells is associated with the MM1-1998 pneumococcal prophage, which may confer an advantage in colonization of the human nasopharynx (16) . Adherence enhancement would contribute to the fitness of those strains and possibly to their persistence and spread. Nevertheless, further studies using a significant number of isolates belonging to the most relevant pneumococcal clones are needed to ascertain the possible role of lysogeny on the virulence and/or fitness of S. pneumoniae.
